The direct synthesis and characterization of site-specific adducts derived from the binding of (+ )-7fl,2S-dihydroxy-3S,<Wf-epoxide-l,2,3,4-tetrahydro-5-methylchrysene and the ( 
Introduction
Chrysene is a weak carcinogen with two equivalent bay regions. Like other polycyclic aromatic hydrocarbons (PAH*), chrysene is metabolically activated to highly reactive, mutagenic and tumorigenic diol epoxide metabolites (1, 2) . The presence of a methyl group at its 5-position (5-methylchrysene, or 5-MeC), strongly increases its tumor-initiating activity in mouse skin and in newborn mice lung and liver (3) (4) (5) (6) (7) . Among the different diol epoxide stereoisomers produced by the oxidative metabolism of 5-MeC, only the stereoisomer (+)-i#,2S-dihydroxy-3S,4fl-epoxide-1,2,3,4-tetrahydro-5-methylchrysene [(+)-5-MeCDE] is strongly tumorigenic and mutagenic (8, 9) . The molecular basis of the enhancement of the biological activity of chrysene by methyl substitution at the 5-position is poorly understood. This enhancement may be linked to a structural distortion of the bay region that results from the presence of the methyl group at the 5-position (10) since the isomeric 6-methyl derivative is biologically inactive (9) .
The covalent binding of diol epoxide molecules to DNA is believed to be the critical event in mutagenesis and in the initiation of the complex series of events in tumorigenesis. The r/,f2-dihydroxy-/J,4-epoxy-l,2,3,4-tetrahydro-5-methylchrysenes (5-MeCDE) bind predominantly to the exocyclic amino group of guanine in DNA (11, 12) . The synthesis of oligodeoxynucleotides containing a single PAH diol epoxidemodified base at a defined position offers the possibility of carrying out detailed structural studies by NMR techniques and to correlate the structural characteristics of these adducts with their biochemical and biological activities. Total and post-oligomerization methods can be used to synthesize sitespecifically modified oligonucleotides with PAH-substituted bases (13) (14) (15) (16) (17) (18) . We have successfully adopted a direct synthesis approach to generate a variety of site-specifically substituted PAH-oligonucleotide adducts (17, 18) in milligram quantities for NMR (19) (20) (21) and other structural studies (22, 23) .
Our on-going research is concerned with a comparison of the structural characteristics of PAH-oligonucleotide adducts derived from pairs of biologically active and inactive enantiomeric PAH diol epoxide compounds with different aromatic residues. Extensive studies have been carried out with 7R.8S-dihydroxy-95,70/?-epoxy-7,8,9,10-tetrahydrobenzo PAH diol epoxide stereoisomers differ in some systematic manner from those derived from their biologically less active enantiomers, is of significant interest. Both the BPDE (26, 27) and 5-MeCDE (9) enantiomers bind predominantly to guanine residues by a trans-addition mechanism (the structures of the major (+)-trans-and (-)-mzrc.?-5-MeCDE-N 2 -dG adducts are depicted in Scheme 1). We have already studied extensively the characteristics of the corresponding site-specific BPDEmodified oligonucleotides (19, 20, 22, 23) . In this work, we describe the direct synthesis and the characteristics of adducts covalently modified with (+)-and (-)-5-MeCDE at the exocyclic amino group of the single guanine residue in the 11-mer d(CCATCGCTACC). NMR structural studies for sitespecific (+)-and (-)-BPDE-dG-modified oligonucleotides in the same sequence have been described (19, 20) . Analogous NMR structural studies for (-)-5-MeCDE-N 2 -dG lesions in the same sequence context have also been published (21) , and are in progress in the case of the analogous (+)-5-MeCDE-N 2 -dG adducts.
Materials and methods

Oligonucleotides and 5-MeCDE
The oligonucleotide d(CCATCGCTACC) and its complementary strand were synthesized using the phosphoramidite method on a Biosearch Cyclone automated DNA synthesizer (Milligen-Biosearch Corp., San Rafael, CA), and purified by either an oligonucleotide purification column (OPC) (Applied Biosystems, Foster City, CA) or by HPLC on a Rainin Dynamax C 4 column (Rainin Instrument Co., Inc., Wobum, MA) using methods previously described (17) . The molar extinction coefficient, e(260 nm) <* 9.8X10 4 M/cm of this oligonucleotide was estimated according to the methods of Warshaw et al. (28) . The racemic an/i-5-MeCDE was synthesized as described previously (29, 30) .
Reaction conditions
The oligonucleotide was desalted, and dissolved in 20 mM sodium phosphate and 5% triethylamine (TEA) aqueous solution (pH 10.5) at a concentration of -6-8X10""* M (per strand). About 25% tetrahydrofuran (THF) was then added. Racemic 5-MeCDE was first dissolved in THF containing I9fc TEA to stabilize the diol epoxide. Aliquots of the concentrated stock 5-MeCDE-THF solution (~5 mM) were added in two successive portions at 7-day intervals to the oligonucleotide solution. The overall molar ratio of 5-MeCDE:DNA strand was 4:1 (or 2:1 in each of the two additions). The mixture was allowed to react in the dark at room-temperature with gentle stirring for a total of 2 weeks. Before adding the second portion of the THF solution, as well as after the reaction was completed, the organic solvent was removed by nitrogen bubbling; this caused the precipitation of the tetraol hydrolysis product 1,2,3,4-tetrahydroxytetrahydro-5-methylchrysene (5-MeCT), which was removed by filtration.
HPLC separation and purification of adducts
The reaction products were separated by HPLC in two successive steps, using a Hitachi L-6200A Intelligent Pump System with a Hitachi L-4000 UV detector (Hitachi Instruments, Inc., Danbury, CT) interfaced with an IBM personal computer, and a 9.4X250 mm, 5 |im Shandon ODS-Hypersil preparative column (Keystone Scientific, Bellefonte, PA). A UV absorption detector operating at 260 nm was used to monitor the contents of the eluates. The molar extinction coefficients of ( + )-(ra/i5-5-MeCDE-N 2 -dG-modified and
were determined by a titration method (G* denotes the modified guanine residue). This approach is based on the changes in the overall absorbance upon duplex formation at 260 nm. Each of the 5-MeCDE-modified oligonucleotides were dissolved in 3.5 ml of phosphate buffer (20 mM sodium phosphate, 0.1 M NaCl, pH 7.0), giving an absorbance around 0.8 A concentrated stock solution of the complementary strand d(GGTAGCGATGG) was used to titrate the adduct solution, with 0.08 absorbance unit (AU) increments in each step, at 70°C. The change of the absorbance before (70°C) and after duplex formation (at 10°C) was traced as a function of the amount of complementary strand added to determine the endpoint of the titration ( 
5-MeCDE-N 2 -dG nucleoside adduct standards
The reaction conditions used for synthesizing oligonucleotide adducts (see above) were also used for synthesizing 5-MeCDE-N"-deoxyguanosine adduct standards. However, the optically resolved enantiomers rather than racemic 5-MeCDE were used in these reactions in order to differentiate between the (+)-trans-and (-)-c(s-, and the (-)-trans-and (+)-ew-adduct pairs that exhibit similar CD spectra (11). These mononucleoside adduct standards were prepared by adding (+)-5-MeCDE or (-)-5-MeCDE to saturated aqueous solutions of 2'-deoxyguanosine (dG) (Sigma Chemicals, St Louis, MO). Only one major reaction product (~90%) was recovered by HPLC methods in each case; the remainder of the adducts recovered, but not further studied, were those with cjs-stereochemistry (11). The CD spectra of the two major adducts were consistent with those of the (+)-rran.s-5-MeCDE-N
-dG and (,-)-trans-5-
-dG adducts and were nearly identical to the spectra of the analogous (+)-and (-)-(rani-5-MeCDE-deoxynucleotide adduct standards described earlier (11).
Enzymatic digestion of oligonucleotides
Utilizing the procedures outlined by Cosman et al. (17) , the unmodified oligonucleotide and 5-MeCDE-oligonucleotide adducts were hydrolyzed to deoxyribonucleosides using phosphodiesterase I or II and bacterial alkaline phosphatase. The enzyme digests were analyzed by HPLC using a Microsorb-MV 100 A, 4.6 mm IDX250 mm L, 5 |iM C18 analytical column (column A; Rainin Instrument Co., Inc., Woburn, MA). The appropriate eluates containing the nucleoside adducts were collected, and their CD spectra were determined. The 5-MeCDE-N 2 -deoxyguanosine standards were also mixed individually with the hydrolysates as HPLC internal markers for further verification of the adduct structures.
Melting curves
Duplexes were prepared by mixing ~20 |iM solutions of the modified or unmodified 11-mer strands in 3 ml of a 20 mM sodium phosphate buffer (pH 7.0 in 0.1 M NaCl) containing a stoichiometric amount of the complementary strand d(GGTACGCTACC) in the same buffer solution. In order to properly anneal the duplexes, these solutions were then heated to 80°C for 10 min, and slowly cooled to room temperature. Melting curves of both single and double stranded samples were measured with a Perkin-Elmer 320 UV absorption spectrophotometer interfaced to a computer. The temperature was increased at a rate of 0.5-0.8°C/min by using a Neslab RTE-8 Endocal refrigerated circulating bath with an EPT-4RC temperature programmer (Neslab Instrument Inc., Portsmouth, NH). The temperature was monitored with a YSI406 thermistor (Cole Parmer Instrument Co., Yellow Springs, OH) placed directly in the sealed cell containing the sample.
Stereoselective enzyme digestion and gel electroplwrests
Forward reaction 5'-end labelling of all the unmodified and 5-MeCDEmodified 1 l-mers with [y-32 P]ATP (New England Nuclear) was carried out as previously described (23) . The enzyme digestion experiments were performed as described by Mao et al. (22) . Briefly, 200 ng of labeled and unlabeled oligonucleotides were dissolved in 60 \i\ of phosphodiesterase buffer (0.1 M Tris, 15 mM MgCl2, pH 8.9) and varying amounts of snake venom phosphodiesterase (SVPD) were added. After incubation for different amounts of time at 37°C. 60 u.1 of of a 100 mM EDTA solution was added to stop the digestion reactions. The samples were dried and subjected to electrophorcsis on 20St denaturing polyacrylamide gels containing 7 M urea. The bands were visualized and quantitated using a BIORAD 250 imaging system (BIORAD, Hercules, CA). 
Results and discussion
Separation of modified oligonucleotides
The modified undecamers were separated from the unmodified oligonucleotide and the 5-MeCT hydrolysis products in the equilibrated reaction mixture using a linear methanol/sodium phosphate buffer gradient. A typical preparative HPLC elution profile is shown in Figure lb . The unmodified oligonucleotide and 5-MeCT hydrolysis product of 5-MeCDE elute at ~19 and 46-47 min, respectively. Each of the two fractions eluting between 23-25 min and containing the two major adducts were collected separately. The total yield of these two adducts was ~10%, based on the initial oligonucleotide concentration. The contents of each eluate was subjected to a second HPLC purification and the elution profile for this step is shown in Figure lb ; the two fractions labeled 'A' and 'B', eluting at 32 and 38 min, respectively, contained the {-)-trans-and (+)-fra«j-5-MeCDE-modified 11-mers, respectively, as is shown below.
Enzyme digestion of oligonucleotides and stereochemical identities of adducts
In order to determine the stereochemical nature of the two major adducts isolated by HPLC, each sample was subjected to enzymatic hydrolysis to the 5-MeCDE-nucleoside level. Typical HPLC elution profiles of these digested 5-MeCDEnucleoside adducts and unmodified oligonucleotide are shown (31) and CD spectra (Figure 3 ) also matched those of the standards they co-eluted with. This indicates that adduct A is a product of (-)-5-antiMeCDE, and adduct B is a product of (+)-anr/-5-MeCDE, both reacting by trans opening with the exocyclic amino group of dG. The two trans-adducts constituted 92% of all the covalently modified 5-MeCDE-oligodeoxyribonucleotide adducts. Minor proportions of other adducts were also observed (Figure la) , but are not characterized in this work.
Characteristics of adducts Spectroscopic characteristics of the 5-MeCDE-modified 11-mer oligonucleotides.
Typical UV absorption spectra of the unmodified and 5-anti-MeCDE-modified oligonucleotide are Wavelength, nm shown in Figure 4A . Because the absorption spectrum of the phenanthrenyl chromophore is situated mainly below 310 nm, the spectra of the modified and unmodified 11-mer oligonucleotides are not that different from one another. However, the shoulder between 300 and 315 nm in the modified oligonucleotide is characteristic of the aromatic phenanthrenyl residue. The characteristics of the absorption spectra of analogous covalent 5-MeCDE-native DNA adducts have been discussed previously (32) . Figure 4B . The ellipticity is expressed in units of mdeg divided by the absorbance (AU) of that sample at 260 nm. The CD spectra of the 5-MeCDE-modified 11-mer oligonucleotides are roughly superpositions of the monomeric 5-MeCDE-N 2 -dG mononucleoside adducts and the unmodified 11-mer oligonucleotides. In the CD spectrum of the ( + )-5-MeCDE-l 1-mer oligonucleotide adduct (Figure 4B ), the CD signal is negative in sign between ~290-315 nm, just as in the case of the mononucleoside (+)-5-MeCDE-N-dG adduct ( Figure 3A) ; a rather small negative CD signal below ~26O nm and a large positive CD signal between 260 and 290 nm is also consistent with the superposition of the positive CD signal of the unmodified 11-mer and that of the ( + )-5-MeCDE-N nucleotides. The gel density profiles corresponding to the 15 min enzyme digestion lanes in Figure 5 are shown in Figure  6 . A series of six bands are evident in each case. Mao et al. (22) have shown that under the same conditions of digestion, the unmodified oligonucleotides are degraded to a series of bands after only 0.5 min of digestion (22) . Consistent with the observations of Mao et al., a 0.5 min digestion period of the unmodified 11-mer gives rise to the expected 11 bands (data not shown), corresponding to the undigested 11-mer and all possible digestion fragments. The appearance of multiple digestion products is a consequence of the non-processive character of the digestion of oligonucleotides by SVPD.
The circular dichroism spectra of the single-stranded d(CCATCGCTACC), the (+)-rrans-modified single-stranded d[CCATC(G*)CTACC] and the (-)-/ranj-modified singlestranded d[CCATC(G*)CTACC] are compared in
The 5-MeCDE-modified oligonuceotides are partially resistant to enzyme digestion. However complete digestion can be achieved at higher enzyme concentrations, or digestion times 2=30 min (data not shown). The relative proportions of the six upper lower-mobiliy bands in Figure 5 , after 15 min of digestion, are shown in Figure 6 . The upper-most bands are the intact 11-mers since they have the same mobilities as the undigested 11-mers (lanes labeled 'controls' in Figure 5 ). The lower bands are attributed to the 10-mers, 9-mers, 8-mers, 7-mers and 6-mers, as shown in Figure 6 . Consistent with these assignments, plots of the positions of these band maxima in the gels (distance migrated) as a function of log (N), where N is the number of bases in the fragment, yield straight lines as shown in the inset in Figure 6 . The distance of migration, D, of DNA fragments follows the empirical relationship D a -log (M), where M is the molecular weight of the fragments (39), over limited ranges of M of oligonucleotides (40) . The good fits of the positions of the bands to the straight lines in the semi-logarithmic plots support the band assignments shown in Figure 6 .
Faint traces of lower molecular weight fragments (less than six bases long) are observed only in the 1 and 2 min lanes in Figure 5 . Since digestion fragments that are five bases long, or smaller, do not bear 5-MeCDE residues, it is evident that these PAH-free oligonucleotide fragments are much more rapidly digested than the fragments bearing PAH residues (22) .
All of the fragments bearing 5-MeCDE residues exhibit resistance to digestion by SVPD. However, the band intensity patterns are different for the enzyme digests of the (+)-trans and the (-)-trans 11 -mer adducts ( Figure 6 ). In the case of the ( + )-trans adducts, the most resistant fragment appears to be the 6-mer. The enzyme SVPD requires a free 3'-OH group and thus digests single-stranded DNA from the 3'-end towards the 5'-end. This suggests that the 5'...C-(G*)...3' phosphodiester bond in the (+)-mzns-5-MeCDE-modified 6-mer fragment is resistant to digestion by SVPD. In the case of the (-)-trans adduct, the shortest oligonucleotide fragment that is resistant to digestion is the 7-mer; this suggests that the 5'-... An analogous pattern of resistance to enzyme digestion was found in single-stranded oligonucleotides with {+)-trans-and (-)-/rarw-BPDE-modified guanine residues, (22) . The orientations of polynuclear aromatic hydrocarbon moieties relative to the modified guanine residues derived from either (+)-anti-5-MeCDE and (+)-an/i-BPDE, or their enantiomers, are similar to one another (Table I ). In the case of the (+)-and (-)-transanti-BPDE-tfi-dG adducts, the pyrenyl residues are oriented on the same sides of the modified deoxyguanines in both single-stranded (22) and the minor-groove double-stranded oligonucleotide adducts (19, 20) . These examples (Table I) suggest that the opposite orientations relative to the modified guanine residues of trans-PAH N 2 -dG lesions derived from chiral pairs of PAH diol epoxide enantiomers, may be a general phenomenon. Temperature,°C Figure 7 . These melting curves were reproducible to within ± 0.5°C as determined by repetitive cooling and heating cycles. The modified ( Figure 7 ) and the unmodified (41) duplexes exhibit rather similar co-operative melting profiles. The hyperchromicities measured at 260 nm were 13 ± 2% in all cases. The covalently bound 5-MeCDE residues lower the melting temperatures, T m , by 5-10°C. The T m values are compared to the melting temperatures observed for the stereochemically similar trans-anti-BPDE-fiP-dG adducts in the same duplex sequence (Table I ). The T m values are similar in all cases. Most likely this is due to the fact that the PAH residues are positioned in the minor grooves in at least three of these duplexes (19) (20) (21) . sequences in a native gel are shown in Figure 8 . In the native a gel (8% polyacrylamide, 4°C), the mobilities of both 5-MeCDE-modified 11-mer strands complexed with their natural complementary strands, are slower than the mobility of the unmodified duplexes (Table I) . These lower mobilities exhibited by the adducts are related to the smaller average end-end distances due to bending or flexible hinge joints caused by the lesions, as discussed earlier (23) . The relative mobilities are analogous to those observed with duplexes containing the (+)-and (-)-BPDE-N 2 -dG lesions in another sequence (23) , and in the same sequence context (Table I) . In both cases, the mobilities of the modified DNA duplexes containing N 2 -dG lesions derived from the more tumorigenic (+)-BPDE or (+)-5-MeCDE enantiomers, are significantly slower than those derived from the non-tumorigenic (-)-enantiomers. This effect is more pronounced in the case of adducts derived from (+)-an//-BPDE than (+)-an//-5-MeCDE. The slower electrophoretic mobilities of the (+)-enantiomermodified duplexes appear to be related to either greater extents of static bending, higher flexibilities at the sites of the lesions, or to differences in the hydration of the non-polar pyrenyl residues (42) . Interestingly, these conclusions are supported by changes in persistence lengths (measured by linear dichroism techniques) caused by the binding of these two BPDE (23, (43) (44) (45) and 5-MeCDE enantiomers (32, 46) to native DNA, or to synthetic polynucleotides. The persistence lengths of the (+)-enantiomer-modified DNA are significantly reduced relative to unmodified DNA, while those of adducts derived from the (-)-enantiomers are not changed to any significant extent. Thus, the loss of persistence length as measured by flow hydrodynamic methods using randomly modified, high molecular weight nucleic acids, is correlated with greater extents of bending of small oligonucleotides detected by native gel electrophoresis techniques (23) .
Summary and conclusions
Oligonucleotide N 2 -dG adducts derived from bay region antidiol epoxides of 5-MeCDE and BPDE with the same steric configurations are characterized by similar apparent orientations in single-stranded DNA as determined by enzyme digestion methods. The adduct duplexes derived from both of these tumorigenic (-l-)-enantiomers are characterized by greater apparent extents of bending or flexibilities at the sites of the lesions than the stereoisomeric adducts derived from the chiral, non-tumorigenic (-)-enantiomers (Table I ). These differences appear to be primarily linked to stereochemical factors, even though the methyl group in the case of the (-)-anr/-5-MeCDEmodified 11-mer duplexes does cause significant alterations in the local DNA conformation (21) . However, the relationships between the structural differences between DNA lesions derived from the ( + )-and (-)-enantiomers, and the differences in their biological activities, are not yet clear.
